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Abstract
Reperfusion injury represents an important cause of primary graft non-function during liver transplantation. However, the
mechanism responsible for cellular damage during reoxygenation has not yet been completely understood. We have
investigated whether changes in intracellular Na distribution might contribute to cause hepatocyte damage during
reoxygenation buffer after 24 h of cold storage. Hepatocyte reoxygenation resulted in a rapid increase in cellular Na content
that was associated with cytotoxicity. Na accumulation and hepatocyte death were prevented by the omission of Na from
the incubation medium, but not by the addition of antioxidants. Blocking Na/H exchanger and Na/HCO33 co-
transporter by, respectively, 5-(N,N-dimethyl)-amiloride or omitting HCO33 from the reoxygenation medium significantly
decreased Na overload and cytotoxicity. Stimulation of ATP re-synthesis by the addition of fructose also lowered Na
accumulation and cell death during reoxygenation. A significant protection against Na-mediated reoxygenation injury was
evident in hepatocytes maintained in an acidic buffer (pH 6.5) or in the presence of glycine. The cytoprotective action of
glycine or of the acidic buffer was reverted by promoting Na influx with the Na/H ionophore monensin. Altogether,
these results suggest that Na accumulation during the early phases of reoxygenation might contribute to liver graft
reperfusion injury. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Poor organ preservation and reperfusion injury
still represent an important cause of primary liver
non-function following orthotopic transplantation
[1]. The contribution of reperfusion injury in causing
liver graft failure has been a matter of extensive
investigations that have demonstrated the involve-
ment of oxygen radicals, nitric oxide, cytokines, ei-
cosanoids and proteases in causing hepatocyte and
endothelial cells damage during liver reperfusion
[1^3].
Recent data have implicated ionic disturbances
within the myocardium as a critical factor in the
pathogenesis of heart damage during ischemia/reper-
fusion [4]. In particular, it has been observed that the
activation of cardiac sarcolemmal membrane Na/
H exchanger in response to intracellular acidosis
developing during the anoxic period promotes a large
in£ux of Na [4]. Indeed, Na/H exchanger inhib-
itors as well as heart perfusion with either low Na-
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containing solutions or acidic bu¡ers reduce myocar-
dial reperfusion injury [4,5]. The increase in myocar-
diocyte Na content occurring during reoxygenation
can only partially be controlled by the activity of
Na/K ATPase [4] and leads to the reverse activa-
tion of Na/Ca2 exchanger, thus inducing an eleva-
tion of cytosolic Ca2 levels [4,5]. Elevated cytosolic
Na and Ca2 levels are then responsible for causing
myocardial arrhythmia and hypercontractions that
represent the main complication of heart reperfusion
[5].
We have previously reported that ATP depletion
and cellular acidosis occurring in isolated rat hepa-
tocytes exposed to oxidative stress, mitochondrial in-
hibitors or hypoxia are followed by an increase in
intracellular Na levels [6,7]. In these conditions,
the combined activation of Na/H exchanger and
of Na/HCO33 co-transporter in response to cyto-
solic acidi¢cation and the block of ATP-dependent
Na e¥ux through the Na/K ATPase resulted in
Na accumulation [7]. Na overload played a critical
role in the development of irreversible cell injury and
preventing Na accumulation by hepatocyte incuba-
tion in a Na-free bu¡er or in an acidic medium (pH
6.5) greatly reduced cell killing [6,7]. Parallel studies
by Fiegen and colleagues have con¢rmed the accu-
mulation of Na in isolated perfused rat livers ex-
posed to warm ischemia and have demonstrated the
bene¢cial e¡ect of furesimide or bumetamide, two
inhibitors of the Na-K-2Cl3 co-transporter, in
preventing hypoxic liver injury [8]. Intracellular
acidosis and depletion of ATP stores are common
features during cold preservation of explanted livers
[1]. Thus, we have investigated the possibility that
perturbations of Na homeostasis might contribute
to liver damage during the early phase of reperfu-
sion.
Alterations in ion distribution are di⁄cult to study
following allograph organ transplantation in animals
or during reperfusion of isolated organs. In this
study, the changes in Na homeostasis during reox-
ygenation were investigated using isolated rat hepa-
tocytes cold-stored 24 h in University of Wisconsin
(UW) solution and subsequently transferred in an
oxygenated Na-containing bu¡er in order to mimic
the changes in extracellular ion composition that
liver grafts face during the early phases of reperfu-
sion.
2. Materials and methods
Collagenase (type I), N-(2-hydroxyethyl)-pipera-
zine-NP-(2-ethanesulfonic acid) (HEPES), 2-(N-mor-
pholino)-ethanesulfonic acid (MES), propidium io-
dide (PI), L-glycine and monensin were purchased
from Sigma (St. Louis, MO, USA). 5-(N,N-Dimeth-
yl)-amiloride (DMA) was obtained from Calbio-
chem^Novabiochem (San Diego, CA, USA). Percoll
was supplied by Pharmacia (Uppsala, Sweden). All
the other chemicals were of analytical grade and were
purchased from Merck (Darmstad, Germany).
Male Wistar rats (180^250 g weight) were obtained
from Nossan (Corezzana, Italy) and allowed free ac-
cess to water and food. The use and care of the
animals were approved by the Italian Ministry of
Health and by the University Commission for Ani-
mal Care following the criteria of the Italian Nation-
al Research Council. Isolated rat hepatocytes were
prepared by liver perfusion with collagenase as pre-
viously described [7]. Cell viability, estimated at the
beginning of the experiments, ranged between 85 and
90%. For the experiments, isolated rat hepatocytes
(5U106 cells/ml) were stored for 24 h at 4‡C in
UW solution (Dupont, Wilmington, DE, USA)
under a nitrogen atmosphere. After re-warming at
room temperature in UW solution, the cells were
separated by centrifugation, re-suspended at the con-
centration of 1U106 cells/ml in di¡erently modi¢ed
Krebs^Henseleit media equilibrated with 95% O2-5%
CO2 and further incubated at 37‡C. The basic incu-
bation medium consisted of a Krebs^Henseleit^
HEPES (KHH) bu¡er containing 118 mmol/l NaCl,
4.7 mmol/l KCl, 1.2 mmol/l KH2PO4, 1.3 mmol/l
CaCl2, 25 mmol/l NaHCO3 and 20 mmol/l HEPES
at pH 7.4. For the experiments performed in the
absence of Na, NaCl and NaHCO3 were replaced
by 118 mmol/l choline chloride and 25 mmol/l
KHCO3, respectively. The bicarbonate-free bu¡er
contained 143 mmol/l NaCl and was £uxed with
95% O2, 5% N2 gas mixture. In the acidic Krebs^
Henseleit bu¡er, HEPES was replaced by 20 mmol/
l MES and the pH was adjusted to 6.5 with HCl.
Modi¢ed KHH bu¡er was also prepared by using
LiCl instead of NaCl or by substituting Na for K.
Cell viability was estimated by microscope-count-
ing the hepatocytes excluding trypan blue or by £ow
cytometric determination of nuclear £uorescence
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after the addition of PI. For £ow cytometry assay,
1 ml aliquots of the cell suspensions were taken and
diluted 10 times in the respective incubation bu¡er
containing 180 Wg/ml PI and immediately analyzed
with a FACScan analyzer (Becton Dickinson, San
Jose, CA, USA) tuned to 488 nm and delivering 15
mW output power. The red £uorescence of PI was
measured through a 585 nm band-pass ¢lter. The
sheath medium was Diluid (J.T. Baker B.V., Deven-
ter, The Netherlands) and the £ow rate was optimized
in order to allow fast sample acquisition and data
reproducibility. Ten thousand hepatocytes were ana-
lyzed for each sample and the values were expressed
as percent of the total cell number.
Intracellular Na levels were measured in viable
cells separated by centrifugation through 3 ml of
Percoll solution (d = 1.06) in 0.25 mol/l sucrose as
previously reported [7]. After centrifugation, the Per-
coll solution was rapidly removed by aspiration, and
the cell pellets were extracted with 0.5 ml of 0.8 N
perchloric acid. Na was measured in aliquots of the
protein-free acidic supernatants diluted 200 times
with distilled water using a Varian AA-1475 atomic
absorption spectrophotometer (Varian Instruments
Div., Palo Alto, CA, USA). The values were cor-
rected for the protein content of each pellet. Na
concentration was expressed in mmol/l considering
that 1U106 cells correspond to 1.8 mg of protein
and that hepatocytes in suspension can be assimi-
lated to spheres with an average diameter of 20 Wm
[9]. In some experiments, the changes in the intra-
cellular Na concentration were also monitored by
using the £uorescent Na probe sodium binding ben-
zofuran isophthalate (SBFI) [10]. Isolated hepato-
cytes (3U106 cells/ml) maintained 24 h at 4‡C in
UW solution were re-warmed at 25‡C and incubated
60 min at 25‡C with SBFI-acetoxymethyl ester (10
Wmol/l ¢nal concentration in DMSO) directly added
to the UW solution. After incubation, the cells were
separated by centrifugation and re-suspended in oxy-
genated complete KHH bu¡er or Na-free KHH
bu¡er. The changes in SBFI £uorescence were moni-
tored during a subsequent 30 min incubation using a
Hitachi 4500 spectro£uorimeter set alternatively at
the 340 and 385 nm excitation wavelengths and £uo-
rescence was recorded at 490 nm wavelength. The
ratio of £uorescence values obtained with 340 nm
and 385 nm excitation were calculated after correc-
tion for spontaneous SBFI £uorescence. Calibration
of SBFI £uorescence was performed by addition of
hepatocytes to solutions of known Na concentra-
tion following the addition of the Na ionophore
gramicidin D (2 Wmol/l) [10].
Hepatocyte ATP was determined by reverse-phase
high performance liquid chromatography, after pro-
tein precipitation with perchloric acid, using a Hibar
Lichrospher 100RP-18 column (Merck, Darmstad,
Germany) and 0.1 M potassium phosphate bu¡er
pH 5.3 as eluent [7].
Lipid peroxidation was estimated by measuring
malondialdehyde (MDA) accumulation in protein-
free supernatant as previously reported [11].
Statistical analysis for multiple comparisons was
performed by the one-way ANOVA test with Bon-
ferroni’s corrections. The distribution normality of
the groups considered was preliminary evaluated by
the Shapiro^Wilk test.
3. Results
Twenty-four hours of cold storage in UW solution
did not appreciably a¡ect the viability of isolated
hepatocytes and, after re-warming, about 90% of
the cells excluded trypan blue and PI. The intracel-
lular Na content was not modi¢ed by the incuba-
tion in cold UW solution (13 þ 3.1 mmol/l as com-
pared to 14.2 þ 1.9 mmol/l in freshly isolated cells).
Upon reoxygenation in KHH medium at pH 7.4,
hepatocytes displayed a rapid and progressive in-
crease of the intracellular Na levels, as demon-
strated by the use of either the £uorescent sodium
probe SBFI or by the direct measurement of Na
content in viable cells by atomic adsorption (Fig.
1). Elevation of hepatocyte Na content was appre-
ciable already after 5 min from reoxygenation and
preceded the decline of cell viability (Fig. 2). After
15 min reoxygenation, oxidative damage was detect-
able by the accumulation of MDA (0.88 þ 0.20 nmol/
106 cells as compared to 0.16 þ 0.04 nmol/106 cells
before reoxygenation). The addition of the antioxi-
dant N,NP-phenyl-phenylenediamine (DPPD) (5
Wmol/l) to block oxidative damage completely pre-
vented MDA formation (0.12 þ 0.07 nmol/106 cells),
but did not reduce Na accumulation and cell death
(Figs. 1 and 2). The development of irreversible cell
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injury was, instead, prevented when hepatocytes were
reoxygenated in Na-free KHH medium, which
abolished Na overload (Fig. 1). Substitution of
K for Na in the reoxygenation bu¡er also pre-
vented hepatocyte killing, whereas cytotoxicity devel-
oped when hepatocytes were reoxygenated in KHH
bu¡er where Na was substituted by Li (Fig. 2).
Li, but not K, can replace Na for the activity
of membrane ion transport systems involved in cel-
lular pH bu¡ering [12]. This suggested that hepato-
cyte killing during reoxygenation might be promoted
by ionic unbalances consequent to the activation of
pH regulatory systems.
A decrease of intracellular pH is a common feature
of anoxic tissues and cytosolic acidosis has been ob-
served during liver cold preservation [13]. In hepato-
cytes, the acid bu¡ering system relies on the activity
of Na/H exchanger and Na/HCO33 co-transport-
er located in the basolateral membranes [12]. Block-
ing plasma membrane Na/H exchanger with 10
Wmol/l DMA or interfering with the activity of
Na-HCO33 co-transporter by using a bicarbonate-
free incubation bu¡er signi¢cantly reduced intracel-
lular Na accumulation and hepatocyte reoxygena-
tion injury (Fig. 3). This indicated that Na in£ow
during reoxygenation was mediated by the activation
of acid bu¡ering systems in response to the intracel-
lular acidosis that developed during cold anoxia.
Nonetheless, the impairment of Na extrusion by
plasma membrane Na/K ATPase might also con-
tribute to Na accumulation. Hepatocyte ATP levels
at the end of 24 h cold storage were very low
(1.76 þ 0.52 nmol/106 cells) as compared to those of
freshly isolated cells (12.4 þ 1.22 nmol/106 cells) and
only slowly recovered upon reoxygenation. Addition
of 10 mmol/l fructose to the reoxygenation bu¡er
allowed a more e⁄cient recovery of intracellular
ATP (5.4 þ 0.74 nmol/106 cells after 60 min reoxyge-
Fig. 1. Changes in intracellular Na content during the reoxy-
genation of isolated rat hepatocytes cold-stored 24 h at 4‡C in
UW solution. After cold storage, the hepatocytes were reoxy-
genated as described in Section 2 and incubated at 37‡C in
complete KHH bu¡er (R) ; in KHH bu¡er containing 5 Wmol/l
DPPD (F) ; in a Na-free KHH bu¡er (a). The insert shows
the measurement of intracellular Na by the £uorescent Na
indicator SBFI in hepatocytes reoxygenated in complete (¢lled
bars) or Na-free (open bars) KHH bu¡ers. The results are
means of 4^6 di¡erent experiments þ S.D. Statistical signi¢-
cance: * P6 0.001 versus hepatocytes reoxygenated in complete
KHH bu¡er.
Fig. 2. Changes in cell viability during the reoxygenation of iso-
lated rat hepatocytes cold-stored 24 h at 4‡C in UW solution.
After cold storage, the hepatocytes were reoxygenated as de-
scribed in Section 2 and incubated at 37‡C in complete KHH
bu¡er (R) ; in KHH bu¡er containing 5 Wmol/l DPPD (b) ; in
a Na-free KHH bu¡er (a) ; in a modi¢ed KHH bu¡er con-
taining 4.7 mmol/l Na and 143 mmol/l K (8) ; in KHH bu¡-
er where NaCl was substituted by an equimolar amount of
LiCl (F). The results are means of 4^6 di¡erent experi-
ments þ S.D. Statistical signi¢cance: * P6 0.01 or ** P6 0.001
versus hepatocytes reoxygenated in complete KHH bu¡er.
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nation). In the presence of fructose, the increase of
intracellular Na and the development of cytotoxic-
ity during reoxygenation of hepatocytes were appre-
ciably lowered (Fig. 3).
Upon reperfusion, the intracellular pH is rapidly
restored to physiological values. However, it has
been reported that the recovery of intracellular pH
during reperfusion precipitates cell injury [14]. This
e¡ect, also known as ‘pH paradox’, has been ob-
served in several tissues [14^16] and can be prevented
by lowering the pH of the extracellular £uids
[5,17,18]. Fig. 4 demonstrates that the cytoprotective
e¡ect exerted by hepatocyte reoxygenation in acidic
Krebs^Henseleit medium (pH 6.5) was associated
with a signi¢cant inhibition of Na accumulation.
Promoting Na in£ux by the addition of the Na/
H ionophore monensin (10 Wmol/l) abolished the
protective action of the acidic bu¡er (Fig. 4). This
suggested that extracellular acidosis might reduce
hepatocyte reoxygenation injury by interfering with
Na accumulation.
Recent studies have demonstrated that the ad-
dition of glycine also improves reperfusion injury
in perfused rat liver and in isolated endothelial
cells [19,20]. Thus, further experiments were per-
formed to investigate whether glycine supplementa-
tion might attenuate Na-mediated hepatocyte reper-
fusion injury. As shown in Fig. 4, addition of glycine
(2 mmol/l) completely prevented hepatocyte killing
during reoxygenation. Glycine also blocked Na ac-
cumulation developing upon transferring the cells in
oxygenated Na-containing bu¡er (Fig. 4). The pro-
tection exerted by glycine was, however, completely
lost in the presence of monensin (Fig. 4), indicating
that interference with Na might account for the
cytoprotective action of glycine.
4. Discussion
Liver reperfusion injury is the result of a complex
series of events that include the formation of oxygen
and nitrogen free radicals, the impairment of endo-
thelial cell functions, the recruitment and the activa-
tion of phagocytes and the release of cytokines [1^3].
Less attention has been paid to the possible role of
alterations in ion distribution that might occur in the
early phase of hepatic graft reperfusion. Just before
Fig. 3. E¡ect of hepatocyte acid bu¡ering system inhibition and
of fructose supplementation on the intracellular Na content
(A) and cell viability (B) during the reoxygenation of isolated
rat hepatocytes cold-stored 24 h at 4‡C in UW solution. After
cold storage, the hepatocytes were reoxygenated as described in
Section 2 and incubated at 37‡C in complete KHH bu¡er (b) ;
in KHH bu¡er containing 10 Wmol/l DMA (R) ; in HCO33 -free
KHH bu¡er (8) ; in KHH bu¡er containing 10 mmol/l fructose
(F). The results are means of 3^4 di¡erent experiments þ S.D.
Statistical signi¢cance: * P6 0.01 and ** P6 0.001 versus he-
patocytes reoxygenated in complete KHH bu¡er.
6
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implantation, the livers are, in fact, currently rinsed
with Ringer’s solution in order to remove high K
concentrations of UW solution that could cause car-
diac arrhythmia. During this procedure, liver cells
are exposed to reoxygenation as well as to a rapid
change in the Na and K content of the extracel-
lular £uids since Ringer’s solution contains 130
mmol/l Na and 4 mmol/l K as compared to 25
mmol/l Na and 115 mmol/l K of the UW solution.
To investigate whether alterations of Na homeo-
stasis might have a role in the pathogenesis of liver
reoxygenation injury, we have used isolated rat he-
patocytes cold-stored 24 h in UW solution and sub-
sequently transferred to an oxygenated Na-contain-
ing bu¡er in order to mimic the changes in
extracellular ion composition that liver grafts face
during the early phases of reperfusion. The results
obtained demonstrated that: (i) intracellular Na in-
creased very early upon reoxygenation; (ii) oxidative
damage was not involved in causing Na in£ux; (iii)
Na in£ow was likely attributed to the activation of
acid bu¡ering systems involving Na/H exchanger
and Na/HCO33 co-transporter in response to intra-
cellular acidosis; (iv) preventing Na accumulation
greatly decreased hepatocyte killing during reoxyge-
nation.
Forestal and co-workers [21] have recently re-
ported that hepatocyte cold storage in UW solution
disturbs pH regulatory mechanisms by lowering
Na/H exchange activity and by enhancing Na/
HCO33 co-transport. Nonetheless, the overall pH
bu¡ering capacity of hepatocytes does not appear
to be a¡ected [21]. The role of acid bu¡ering systems
in triggering Na in£ux during reoxygenation is con-
sistent with recent observations concerning the car-
dioprotective action of Na/H exchanger inhibitors
on heart reperfusion damage [22^24]. In the early
phases of reperfusion, when cellular energy stores
are still low, the reduced availability of ATP might
also a¡ect the activity of plasma membrane Na/K-
translocase, thus contributing to Na accumulation.
Indeed, stimulation of ATP re-synthesis by the addi-
tion of fructose to the reoxygenation medium re-
duced Na overload and improved hepatocyte sur-
vival during reoxygenation.
Little is known about the mechanisms responsible
for Na-mediated hepatocyte injury during reoxyge-
nation. Serrar and Haddad have recently reported
that cold preservation in UW solution a¡ects the
Fig. 4. E¡ect of glycine and of the incubation in an acidic me-
dium (pH 6.5) on intracellular Na content (A) and cell viabil-
ity (B) during the reoxygenation of isolated rat hepatocytes
cold-stored 24 h at 4‡C in UW solution. After cold storage, the
hepatocytes were reoxygenated as described in Section 2. The
hepatocytes were then incubated at 37‡C under the following
conditions: (a) KHH bu¡er pH 7.4 containing 2 mmol/l gly-
cine; (b) KHH bu¡er pH 7.4 plus glycine and 10 Wmol/l mon-
ensin; (E) Krebs^Henseleit bu¡er pH 6.5; (F) Krebs^Henseleit
bu¡er pH 6.5 plus monensin. The results are means of three
di¡erent experiments þ S.D. Statistical signi¢cance: * P6 0.001
versus hepatocytes incubated without monensin.
6
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hepatocyte volume regulatory capacity [25]. We have
shown that Na overload caused cell swelling in
ATP-depleted hepatocytes [6] and that the impair-
ment of volume regulatory mechanisms was critical
for the development of hepatocyte necrosis induced
by mitochondrial inhibition or oxidative stress [26].
Therefore, it is possible that osmotic stress due to
Na accumulation might contribute to cell injury
during reoxygenation. However, the contribution of
Ca2-dependent mechanisms cannot be excluded
[27], since Na increase promotes the elevation of
cytosolic Ca2 levels through the reversed activation
of Na/Ca2 exchanger [28,29].
In recent years, the bene¢cial e¡ects of liver reox-
ygenation under acidic conditions have been ex-
ploited by the development of Carolina Rinse solu-
tion that, among other features, is characterized by
an acidic pH (6.5) [30,31]. Carolina Rinse solution
has been suggested to protect against hepatic reper-
fusion injury by suppressing Kup¡er cell activation,
by inhibiting free radical formation and by decreas-
ing sinusoid endothelial cell killing [3,20]. Further-
more, recent data demonstrate that acidic incubation
medium prevents the onset of mitochondrial perme-
ability transition in cultured hepatocytes exposed to
hypoxia/reoxygenation [32]. We propose that the use
of an acidic rinse solution might reduce liver reper-
fusion damage also by avoiding Na accumulation
within liver cells during the washout of UW solution.
The mechanism by which acidic extracellular pH re-
duces Na in£ux during reperfusion has not been
investigated in detail, but likely involves interference
with cellular acid bu¡ering systems [7]. The inhibi-
tion of Na in£ux by acidic pH might be important
for the preservation of liver sinusoid endothelial cells
by Carolina Rinse solution [20], since post-ischemic
activation of Na/H exchanger has been shown to
trigger lung microvascular injury during reperfusion
[18].
The addition of glycine has been reported to pro-
tect isolated renal tubular cells and hepatocytes from
ischemia, ATP depletion and cold storage injury [33^
35]. Moreover, glycine reduces warm reperfusion in-
jury in perfused rat livers [19,36] and improves sur-
vival and post-operative liver injury after orthotopic
liver transplantation in rats [37]. The e¡ect of glycine
has been ascribed to the prevention of reperfusion-
induced killing of sinusoidal endothelial cells [20].
The present results demonstrate that the inhibition
of Na accumulation during reoxygenation might
also contribute to the cytoprotective action of glycine
on liver reperfusion damage. The action of glycine on
Na in£ux is likely mediated by the block of speci¢c
Cl3 channels, since the glycine receptor antagonist,
strychnine, and the incubation in a Cl3-free medium
similarly protected against Na overload and hepa-
tocyte killing during warm hypoxia or KCN poison-
ing [38].
In conclusion, the results presented indicate that
an increase of intracellular Na can be involved in
liver cell injury during the early phases of reoxyge-
nation and suggest that treatments able to reduce
Na accumulation might be usefully employed in
the prevention of liver graft reoxygenation damage.
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